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Abstract
Mesoporous silica encapsulated Pt (Pt@mSiO2) and PtSn (PtSn@mSiO2) nanoparticles (NPs) are
representatives of a novel class of heterogeneous catalysts with uniform particle size, enhanced catalytic
properties, and superior thermal stability. In the ship-in-a-bottle synthesis, PtSn@mSiO2intermetallic NPs
are derived from Pt@mSiO2 seeds where the mSiO2 shell is formed by polymerization of tetraethyl
orthosilicate around a tetradecyltrimethylammonium bromide template, a surfactant used to template
MCM-41. Incorporation of Sn into the Pt@mSiO2 seeds is accommodated by chemical etching of the mSiO2
shell. The effect of this etching on the atomic-scale structure of the mSiO2 has not been previously examined,
nor has the extent of the structural similarity to MCM-41. Here, the quaternary Q2, Q3 and Q4 sites
corresponding to formulas Si(O1/2)2(OH)2, Si(O1/2)3(OH)1 and Si(O1/2)4, in MCM-41 and the
mesoporous silica of Pt@mSiO2 and PtSn@mSiO2 NPs were identified and quantified by conventional and
dynamic nuclear polarization enhanced Si-29 Magic Angle Spinning Nuclear Magnetic Resonance (DNP
MAS NMR). The connectivity of the -Si-O-Si- network was revealed by DNP enhanced two-dimensional
29Si-29Si correlation spectroscopy.
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2ABSTRACT. Mesoporous silica encapsulated Pt (Pt@mSiO2) and PtSn (PtSn@mSiO2) 
nanoparticles (NPs) are representatives of a novel class of heterogeneous catalysts with uniform 
particle size, enhanced catalytic properties, and superior thermal stability. In the ship-in-a-bottle 
synthesis, PtSn@mSiO2 intermetallic NPs are derived from Pt@mSiO2 seeds where the mSiO2 
shell is formed by polymerization of tetraethyl orthosilicate around a 
tetradecyltrimethylammonium bromide template, a surfactant used to template MCM-41. 
Incorporation of Sn into the Pt@mSiO2 seeds is accommodated by chemical etching of the mSiO2 
shell. The effect of this etching on the atomic-scale structure of the mSiO2 has not been previously 
examined, nor has the extent of the structural similarity to MCM-41. Here, the quaternary Q2, Q3 
and Q4 sites corresponding to formulas Si(O1/2)2(OH)2, Si(O1/2)3(OH)1 and Si(O1/2)4, in MCM-41 
and the mesoporous silica of Pt@mSiO2 and PtSn@mSiO2 NPs were identified and quantified by 
conventional and dynamic nuclear polarization enhanced Si-29 Magic Angle Spinning Nuclear 
Magnetic Resonance (DNP MAS NMR). The connectivity of the -Si-O-Si- network was revealed 
by DNP enhanced two-dimensional 29Si-29Si correlation spectroscopy. 
KEYWORDS: Pt-Sn intermetallic nanoparticles, mesoporous silica, 29Si NMR, solid-state nuclear 
magnetic resonance, dynamic nuclear polarization. 
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3INTRODUCTION
Encapsulation of transition metal nanoparticles in mesoporous silica (mSiO2) has been found to 
be beneficial for diverse applications ranging from catalysis1-3 to colorimetric diagnostics,4 SERS 
detection5 and photothermal therapy.6 The mSiO2 shell can impart improved thermal stability and 
tunable optical properties, as well as facilitate functionalization of encapsulated materials.7 In the 
“ship-in-a-bottle” approach to the synthesis of nanoparticles with ordered intermetallic phases, 
mSiO2 encapsulation protects the metallic cores from sintering during the high-temperature 
treatment, yet the shell does not block access of small organic substrates/products to/from the 
catalytically active sites.8 
The intermetallic nanoparticles (iNPs) such as PtSn@mSiO2 exhibit increased selectivity and 
stability in selective hydrogenations, dehydrogenation, and CO oxidation.1, 9-10 The PtSn@mSiO2 
iNP catalyst was also found to be highly selective in the hydrogenation of nitro groups in various 
functionalized nitroarenes.9 Recently, we demonstrated the efficacy of PtSn@mSiO2 and 
Pt3Sn@mSiO2 NPs for hyperpolarization by parahydrogen induced polarization (PHIP).11-13 In 
particular, the PtSn@mSiO2 iNPs delivered record-high pairwise selectivity in the heterogeneous 
hydrogenation of propene to propane,14 and the Pt3Sn@mSiO2 iNPs were found to be unique in 
their ability to mediate the conversion of the NMR-invisible parahydrogen singlet spin order into 
hyperpolarized proton magnetization of co-adsorbed water, methanol, and ethanol.13 
The mSiO2 shell around our Pt NPs is formed by polymerization of tetraethyl orthosilicate 
(TEOS) at room temperature in the presence of a base with the cationic surfactant 
tetradecyltrimethylammonium bromide (TTAB) functioning as the template. The PtSn@mSiO2 
iNPs are prepared by heterogeneous nucleation of Sn from its hydrated salt SnCl2•2H2O at the 
metal surface of Pt@mSiO2 in tetraethylene glycol at 280 C. This ship-in-a-bottle synthesis was 
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4first employed to prepare bimetallic PtPd from Pt@mSiO2 seeds11 where it was observed that the 
silica shells are thinned and eventually completely etched away when excess Pd precursor (as 
K2PdCl4) was used. The dissolution of silica was further confirmed by inductively coupled plasma 
mass spectrometry. However, despite its key role in the synthesis, stability and catalytic properties, 
little is known about the atomic-scale structure within the mSiO2 shell of Pt@mSiO2 or 
PtSn@mSiO2, and the possible compositional and structural changes that might occur with the 
chemical etching accompanying incorporation of Sn into Pt@mSiO2 seed particles has not been 
previously investigated. While the mSiO2 shell is clearly visible in TEM images and the elemental 
distribution has been mapped out by energy-dispersive X-ray spectroscopy,15 these techniques do 
not provide information about the atomic-scale structure, where diffraction techniques (e.g., 
Powder X-ray diffraction crystallography) are inapplicable. Consequently, the bonding topologies 
of Si within the mSiO2 encapsulation shells and at the mSiO2/metal interfaces in the Pt@mSiO2 
and PtSn@mSiO2 NPs have eluded characterization until now. 
NMR spectroscopy can provide atomic-scale structural information in solids which lack long-
range order, which make it well-suited for the characterization of surfaces of catalysts and NP-
adsorbate interactions. However, in comparison to standard surface science techniques, 
conventional NMR methods are often inapplicable because of the inherently low sensitivity due to 
the unfavorable Boltzmann equilibrium polarization of nuclear spins. In Dynamic Nuclear 
Polarization (DNP), nuclear spin hyperpolarization (i.e. enhanced, non-thermal equilibrium 
nuclear spin polarization) is induced by continuous microwave saturation of the unpaired electron-
spin resonance transition and electron-nuclear cross-relaxation.16-17 When combined with cross-
polarization (CP), DNP Magic Angle Spinning (MAS) NMR spectroscopy typically affords a 1-2 
orders of magnitude boost in sensitivity with spatial selectivity to atoms residing at or near the 
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5surface, which provides a powerful contrast enhancement for probing surface structure, surface-
adsorbate interactions, and catalytically active sites.18-31 DNP MAS NMR has been recently 
applied to functionalized silica and SiOx/Al2O3 materials to obtain chemical bonding 
information.18-19, 32-36 
Here we present the results of both conventional and Si-29 DNP MAS NMR experiments on 
Pt@mSiO2, PtSn@mSiO2, and MCM-41 aimed at comparing the atomic-scale structure of the 
mesoporous silica in these three materials. Of particular interest are the possible changes in the 
distribution of Qx functionalities (where Q signifies a quaternary Si atom bonded to four oxygen 
atoms and x refers to the number of other Q units connected to the Si tetrahedron) induced upon 
incorporation of Sn into Pt@mSiO2 seed particles. We obtained the distribution of Si 
functionalities and Qx network connectivity was revealed by a combination of one and two-
dimensional (2D) MAS NMR techniques. Significant differences might exist in the Si bonding 
distributions due to the geometrical curvature of the metal nanoparticle surfaces and the chemical 
etching of the inner silica layers accompanying incorporation of Sn into Pt@mSiO2 seed particles. 
Two different biradical molecules, AMUPol37 and TEKPol38 (see Figure S3), were separately 
introduced into samples of the solid powders by incipient wetness impregnation.18 We compare 
the structure and composition of the mesoporous silica shells encapsulating Pt and PtSn NPs to 
MCM-41 which is included in this study as a reference material that has been extensively studied 
by MAS NMR.39-45 The silica in all three materials was templated from the tetraalkylammonium 
salts TTAB (Pt@mSiO2 and PtSn@mSiO2) and CTAB (MCM-41), following which they were 
subjected to identical post-synthetic oxidation in air at 500 °C and reduction in H2/He at 300 °C 
prior to the NMR experiments.  
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6RESULTS AND DISCUSSION
Morphology and Porosity of the Nanoparticles. In the TEM images of the Pt@mSiO2 and 
PtSn@mSiO2 NPs presented in Fig. 1A and B, respectively, the silica shells have a granulated and 
disordered appearance. The Pt@mSiO2 seed NPs have an average metal core of 14.3  0.8 nm in ±
diameter and a SiO2 shell of roughly 10.9 ± 0.8 nm in thickness. The PtSn@mSiO2 NPs have a 
larger average metal core of 20.6  0.9 nm in diameter. The observably thinner SiO2 shell ±
thickness of 8.3 ± 0.8 nm results from chemical etching during the incorporation of Sn into the 
metal core. As seen in the high-angle annular dark field scanning TEM (HAADF-STEM) and EDS 
elemental mapping of PtSn@mSiO2 in Fig. 1C-H, the SiO2 shell encapsulates the PtSn metal core. 
The well-defined channels in MCM-4146 are not observed in the TEM images of the mSiO2 shells 
of our Pt@mSiO2 and PtSn@mSiO2 samples. Although MCM-41 has a significantly higher 
specific surface area due to the presence of the non-porous metal NPs in the catalysts, the 
mesoporous silicas in all three samples have a similar pore of around 2.4 nm in diameter (Fig. 2 
and Table 1). Neither TEM nor EDS elemental mapping provides information about the atomic-
scale bonding in the amorphous silica.14 
Page 6 of 28
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
7Figure 1. TEM images of (A) Pt@mSiO2 and (B) PtSn@mSiO2 NPs. (C) HAADF-STEM image 
of the PtSn@mSiO2 iNPs. (D-H) EDS elemental mappings of the PtSn@mSiO2 iNPs. 
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8Figure 2. (A) N2 sorption isotherms at 77 K and (B) BJH pore size distributions of MCM-41, 
Pt@mSiO2 and PtSn@mSiO2, respectively. The total adsorbed N2 and pore volume are divided by 
the total mass of the catalysts. 
Table 1. Summary of physisorption measurements.
Sample BET Surface Area (m2/g)
Pore Volume 
(cm3/g) Pore Size (nm)
MCM-41 ~1160 0.97 2.4
Pt@mSiO2 ~506 0.69 2.4
PtSn@mSiO2 ~329 0.48 2.4
Conventional 29Si MAS NMR. Prior to the NMR experiments, Pt@mSiO2, PtSn@mSiO2 NPs 
and MCM-41 were oxidized in air at 500 οC and reduced in H2/Ar (5/45 mL/min) at 300 οC for 
four hours, which is a standard pretreatment for the catalysts. The room-temperature 1D 29Si MAS 
NMR spectra of two different synthetic batches of Pt@mSiO2, PtSn@mSiO2 NPs and MCM-41 
were recorded prior to impregnation with radicals and are presented in Fig. 3 and Fig. S1, 
respectively. The multi-peak fitting of the spectral region corresponding to the Qx sites yields three 
peaks: Q2 at -90 ppm; Q3 at -100 ppm; and Q4 at -109 ppm.28, 47 
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9Figure 3. Room temperature 1D single-pulse 29Si MAS NMR spectra of (A) Pt@mSiO2 (batch #1), 
(B) PtSn@mSiO2 (batch #1) and (C) MCM-41. These spectra were recorded prior to impregnation 
of radicals. Black: experimental spectra. Magenta: fitted spectra. Blue: spectral components 
resulting from the multi-peak fitting.
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10
Table 2. Fraction of the Qx sites calculated from the integration of the individual components of 
the multi-peak fitting decomposition analysis.
NP Type
Batch 
Number
% Q2
(-90 ppm)
% Q3
(-100 ppm)
% Q4
(-109 ppm)
Pt@mSiO2 1st 1.5 0.24± 36.2 2.2± 62.3 2.5±
Pt@mSiO2 2nd 0.71.9 ± 25.4 2.2± 7 3.72.7 ±
PtSn@mSiO2 1st 0.51.7 ± 37.0 2.4± 61.3 4.1±
PtSn@mSiO2 2nd 0.91.8 ± 37.5 1.7± 60.7 1.6±
MCM-41 1st 1.6 0.1± 61.7 2.8± 36.6 3.8±
The peak areas in Table 2 are proportional to the number of Qx sites of each type. The Q3 and 
Q4 sites comprise approximately 98% of all the silicon atoms in both the Pt and PtSn NPs as well 
as MCM-41, while Q2 sites are present at a level of only a few percent. The pore sizes of the 
mesoporous shells in the Pt@mSiO2 and PtSn@mSiO2 samples, as measured by N2 physisorption 
analysis, are 2.4 nm respectively. Despite significantly different mSiO2 shell thicknesses, our 
results show that the Pt@mSiO2 and PtSn@mSiO2 NPs have a similar distribution of Qx sites. Our 
MCM-41 sample also has a pore size of 2.4 nm. The chemical shifts of the Qx sites in MCM-41 
were found to be close to those of 29Si in the silica shells of Pt and PtSn iNPs, validating the 
compositional similarity. The measured ratios Q3/Q4 in site densities in the Pt@mSiO2 and 
PtSn@mSiO2 are similar, with a greater density of Q4 over Q3 sites by almost a factor of two. In 
contrast, the MCM-41 sample has a greater density of Q3 over Q4 sites (see Table 2).  This high 
Q3/Q4 ratio difference could be attributed to the different synthesis conditions, since MCM-41 was 
synthesized at 80 C instead of room temperature used in the growth of mSiO2 for Pt@mSiO2.  
Additionally, the different Q3/Q4 ratios could also be due to differences in the packing of silica 
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11
around the curved nanoparticle surface. The mSiO2 encapsulation shell surrounding the metal 
nanoparticles must accommodate curvature, which precludes the formation of a regular hexagonal 
arrangement of cylindrical pores that characterizes the MCM-41 family of silicas.  This likely 
explains why such channel structures are not observed in the TEM images of our Pt@mSiO2 and 
PtSn@mSiO2 samples. 
To ensure that the relative peak intensities were not significantly distorted due to differences in 
T1 spin relaxation, spectra of PtSn@mSiO2 NPs were also recorded using recycle delays of 45 s 
and 15 s (Fig. S2). The Qx distributions obtained for the two different recycle delays were not 
significantly different. The presence of oxygen in the samples, which were packed into the MAS 
rotors in ambient air, is known to shorten the T1 relaxation times to a few seconds.48-49 
DNP 29Si MAS NMR. To examine the chemical origin, spatial distribution, and connectivity of 
the Qx sites, 29Si MAS-DNP NMR experiments were performed. Samples were impregnated with 
either AMUPol or TEKPol. The molecular sizes of these biradicals are estimated from simple 
molecular mechanics energy optimization to be 1.7-2.3 nm and 2.1-2.4 nm, respectively, 
depending on conformation (Fig. S3). Since the molecular sizes are comparable to the ~2.4 nm 
openings of the mesopores (Fig. 2 and Table 1), the extent of the infiltration of the biradicals into 
the mSiO2 shell is difficult to predict based solely on theoretical estimates of the molecular 
dimensions. The H2O and TCE solvent molecules are certainly small enough to diffuse into the 
mesopores.50 Thus, even if AMUPol or TEKPol molecules would be excluded from mesopores 
due to steric interactions, polarization enhancement of the 29Si nuclei within the mSiO2 shell can 
still be mediated by a combination of relayed spin diffusion and 1H-29Si CP.51 Figure 4 presents 
the 29Si DNP CP-MAS spectra acquired using AMUPol-impregnated Pt@mSiO2 and 
PtSn@mSiO2. Signal enhancement factors are  10 and 16, respectively. A signal-to-noise 𝜖on/off =
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ratio (SNR) of 335, calculated from the peak intensity of the Q3 sites in PtSn@mSiO2, was obtained 
after signal averaging for four minutes (16 scans). In contrast, the SNR of only 66 obtained in the 
conventional Boltzmann-polarized MAS NMR experiment required copious signal averaging for 
69 hours. TEKPol-impregnated PtSn@mSiO2 yielded a smaller enhancement factor of only 10 
(Fig. S4). Note that the sensitivity gain afforded by DNP comes at the expense of a slightly 
degraded spectral resolution arising from paramagnetic broadening.  
Figure 4. Si-29 DNP CP-MAS spectra of Pt@mSiO2 and PtSn@mSiO2 at 100 K with (i) 
microwaves on or (ii) microwaves off. (iii) Multi-peak fitting analysis. Black: experimental 
spectra. Magenta: fitted spectra. Blue: spectral components of the multi-peak fitting. 
DNP CP is a two-step process in which the buildup of DNP-enhanced proton polarization is 
followed by Hartmann-Hahn polarization transfer during a contact time (tc). The CP transfer is 
mediated by the heteronuclear dipolar coupling and depends on the number of proximal hydrogen 
atoms and their distances.52-53 Figure 5 compares the 29Si spectra acquired with direct (via e- -29Si 
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dipolar couplings) and indirect DNP (via CP with hyperpolarized protons), respectively. The direct 
DNP spectrum shown in Fig. 5B was collected using a polarization buildup time of 600s. The 
conventional thermally polarized and direct MAS DNP-NMR spectra are strikingly similar, while 
the 29Si DNP CP MAS NMR spectrum (Fig. 5C), where only the surface and sub-surface sites 
within the much shorter range of the 1H-29Si dipolar contact with solvent molecules are expected 
to be enhanced, is distinctly different. The different line shapes of the direct and indirect DNP 
spectra indicate an inhomogeneous spatial distribution of the Q2, Q3 and Q4 sites at the pore surface 
relative to the bulk. The DNP CP experiment yielded relatively strong Q2 signals, consistent with 
Q2 sites located on the pore surface. While the Q4 sites gave the most intense signals in the direct 
DNP experiment, these sites yielded relatively weak signals in the indirect DNP experiment, 
consistent with the high fraction of Q4 sites which are located away from the pore surface. This 
further confirms that the Q4 sites populate the sub-surface regions. Due to the relatively large 
fraction of Q3 sites at the pore surface, these sites produced strong signals in both the direct and 
indirect CP experiments. The spatial distribution of Qx sites agrees with the established structural 
model of mesoporous silica.40, 54
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14
Figure 5. 29Si MAS NMR spectra of PtSn@mSiO2 NPs obtained by (A) a single-pulse without 
radicals at room temperature (B) direct DNP polarization (C) indirect DNP CP polarization.
29Si-29Si Correlations via CP MAS-DNP NMR. The gain in 29Si NMR sensitivity afforded by 
DNP CP allowed us to probe the connectivity among the Qx sites in the PtSn@mSiO2 catalyst 
using a 2D SR26411 29Si-29Si homonuclear correlation experiment. This would have been 
impractical by conventional MAS NMR with natural abundance 29Si (4.9%) for our samples. The 
dipolar coupling strength between two 29Si nuclei bonded through an oxygen atom is  -160 Hz 
(internuclear distance of ~3 Å), which yields a ~1% polarization transfer efficiency when a 
recoupling time of 2.6 ms is employed in the pulse sequence.55-56 The internuclear distance 
between nearest unbonded 29Si nuclei is ~5 Å, and thus the coherence transfer between unbonded 
Si sites can be safely neglected. The transfer efficiency is further reduced by transverse spin 
relaxation. The  dephasing time in the PtSn@mSiO2 NPs was measured to be 4 ms in a spin-2T 
echo experiment, which is significantly shortened by the impregnated radicals. Therefore, the 2D 
correlation experiments selectively probe only the 29Si spin pairs bonded via one oxygen atom. In 
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15
Fig. 6A, the isotropic chemical shift of 29Si is shown on the horizontal axis (single quantum 
coherence) and the sum of the isotropic chemical shifts is shown on the vertical axis (double 
quantum coherence). 
Figure 6. (A) DNP CP enhanced 2D double quantum (DQ) - single quantum (SQ) correlation 
spectrum collected using the SR26411 pulse sequence. The sum of the 1D projection along the SQ 
dimension is shown at the top panel. (B) 1D projection along the SQ dimension at -193 ppm, -204 
ppm and -213 ppm in the DQ dimension. (C) Molecular models show the connectivity of the Q 
sites. 
The signals in the spectrum reflect only the bonded 29Si spin pairs. The spectral slices at -193 ppm 
(Q2+Q3), -204 ppm (Q3+Q3) and -211 ppm (Q3+Q4) are shown in Fig. 6B. The spectra demonstrate 
Q2 - Q3, Q3 - Q3 and Q3 - Q4 bonding linkages (Fig. 6C). The connectivity agrees with the spatial 
distribution of the Qx sites, where Q2 and Q3 sites are located at or near the pore surface while Q4 
sites are in the sub-surface region.
CONCLUSIONS
By combining conventional solid-state NMR spectroscopy with direct, indirect, and 2D 
correlation DNP MAS NMR techniques, differences in surface selectivity were exploited to 
characterize the atomic-scale chemical structure in the mesoporous silica of the Pt@mSiO2 and 
Pt@mSiO2 catalysts as well as MCM-41. Specifically, the Si Q2, Q3 and Q4 tetrahedra were 
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identified in the 29Si spectra of the three materials, and the spatial distributions of Qx sites were 
deduced. With about 40% of Si sites being Q2 or Q3, almost half of silica atoms reside on the 
surface, implying that an extended network of Q4 sites does not exist. The results suggest that the 
overall structure of the SiO2 shells is very similar to that of typical MCM-41-type materials, except 
that there is no well-defined periodic pattern of channels. The particular MCM-41 reference 
sample studied here contained a higher density of Q3 relative to Q4 tetrahedra than the mSiO2 shells 
surrounding the Pt and PtSn nanoparticles which exhibited similar percentages of Q2, Q3 and Q4 
Si tetrahedra with Q4 sites dominating. 
Despite significant thinning due to chemical etching of the mSiO2 shell during the incorporation 
of Sn into the Pt@mSiO2 seed particles, the chemical composition and atomic-scale structure of 
the mSiO2 shell of Pt@mSiO2 and PtSn@mSiO2 are essentially the same. We conclude that the 
integrity of the atomic-scale structure of the mSiO2 is preserved through the synthesis of the 
intermetallic phase. Hence, the different catalytic activities and selectivities of Pt@mSiO2 and 
PtSn@mSiO2 NPs in various reactions cannot be attributed to structural differences in the mSiO2 
shells and must instead be entirely due to the altered chemical composition of the intermetallic 
phase of the nanoparticle metal core.14-15, 57 Differences in the spatial selectivity of direct and 
indirect polarization mechanisms were exploited to probe the spatial distribution of the Qx sites. 
The direct DNP and conventional MAS spectra are very similar to each other, whereas the indirect 
(CP-MAS) DNP spectra are different. The extent to which the radicals penetrate the pores in our 
materials remains an open question. Most likely, the direct DNP spectra report on the distributions 
of functionalities across the entire shell, which is similar to mesoporous silica. The Q4 sites were 
determined to be buried sub-surface layers while Q3 and Q2 sites are present at or near the pore 
surface. A 2D 29Si-29Si correlation spectrum, enabled by the DNP signal enhancement, revealed 
Page 16 of 28
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
17
the bonding network connectivity among the Qx sites in the mesoporous silica shell. The protocols 
we have presented for the elucidation of the bonding structure should generally be applicable to 
other silica-encapsulated catalysts as well as other nanomaterials with different metals or core-
shell compositions. 
EXPERIMENTAL SECTION
Synthesis of Monometallic Pt@mSiO2 NPs. The mSiO2-encapsulated Pt NPs (Pt@mSiO2) 
were prepared according to a literature protocol.14 Briefly, around 25 mL of a 10 mM K2PtCl4 was 
added to 200 mL of a 125 mM aqueous solution of tetradecyltrimethylammonium bromide 
(TTAB). The above mixture was stirred for 10 minutes and then moved to an oil bath maintained 
at 50 °C for 10 more minutes. 25 mL of 300 mM sodium borohydride solution prepared in ice-
cold water (Alfa Aesar, 98%) was then added. After the solution was stirred for 20 h at 50 °C, the 
dark brown solution was centrifuged at 3000 rpm four times for 30 min, with the supernatant being 
collected while the residue was discarded. Finally, the supernatant was centrifuged at 14000 rpm 
for 15 min twice, collected, and re-dispersed in deionized water to obtain around 200 mL of the 
solution. About 1 mL of a 1 M sodium hydroxide solution was added to obtain a pH between 11 
and 12. While stirring, 3 mL of a 10% tetraethyl orthosilicate solution in methanol was added 
dropwise via syringe. After 24 h, the sample was centrifuged at 14000 rpm twice, and the coated 
particles (Pt@mSiO2) were redispersed in 200 mL of methanol. To this 10 mL of hydrochloric 
acid (36% assay) was added and the solution was refluxed at 90 °C for 24 h.
Synthesis of Bimetallic PtSn@mSiO2 NPs. The methanol-dispersed solution of Pt@mSiO2 
was centrifuged and redispersed in 75 mL of tetraethylene glycol in a 250 mL two-neck flask. The 
amount of Pt in a typical synthesis of Pt@mSiO2 particles was 0.15 mmol. PtSn@mSiO2 was made 
ensuring a Pt:Sn molar ratio of 1:1, using SnCl2·2H2O (Alfa Aesar, 98%) as the source of Sn, and 
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heating the solution at 280 °C  for 2 hours to form the alloy. The resulting solution was diluted 
with an equal volume of acetone and centrifuged at 14000 rpm to obtain PtSn@mSiO2 
nanoparticles. This was then dried and calcined at 500 °C to remove any organic residues from the 
synthesis. The sample was then reduced in 10% H2 in a tube furnace at 300 °C for 4 hours to obtain 
intermetallic PtSn@mSiO2. Inductively coupled plasma mass spectrometry (ICP-MS) 
measurements were also carried out on the powdered samples to confirm their stoichiometry as 
per the synthesis.
Synthesis of MCM-41. Following literature procedures,46 around 1.0 g of 
hexadecyltrimethylammonium bromide (CTAB, 2.74 mmol) was dissolved in deionized water 
(480 mL, 18 MΩ.cm) in a round bottom flask followed by the addition of 3.5 mL of a 2 M solution 
of NaOH (7.0 mmol). Following stirring of the solution for 1 h at 80 °C, 5.0 mL of 
tetraethylorthosilicate (TEOS, 22.6 mmol) was then added dropwise over 5 min to the solution. 
Stirring was continued for an additional 2 h at 80 °C. The solution was filtered, washed with 
abundant water and methanol, and vacuum dried overnight. The CTAB template was removed by 
refluxing 1.0 g of dry solid with methanol solution (100 mL) of concentrated HCl (0.8 mL, 9.7 
mmol) for 6 h. The surfactant-free sample was then filtered, washed with abundant methanol and 
water and vacuum dried overnight. The sample was then placed in scintillation vials which were 
placed in a tube furnace, and pure Ar was passed through the sample at a rate of 50 mL/min for an 
hour. Following this, the sample was calcined in flowing air at 500 °C for 4 hours to remove any 
additional CTAB and then reduced at 300 °C for 4 hours in 10% H2, like the treatments accorded 
to the Pt@mSiO2 and PtSn@mSiO2 samples ahead of NMR measurements.
Transmission Electron Microscopy (TEM) and Energy-dispersive X-ray Spectroscopy 
(EDS). TEM images were acquired using a TECNAI G2 F20 at an acceleration voltage of 200 kV, 
Page 18 of 28
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
19
as reported in earlier work.14 Prior to TEM measurements, all the samples were first calcined at 
500 ˚C and then reduced at the appropriate temperature in a 50 mL/min 10% H2 in Argon stream. 
High-resolution transmission electron microscopy (HRTEM), high-angle annular dark field 
scanning TEM (HAADF-STEM), and elemental mapping analysis were investigated using the 
same electron microscope equipped with an EDS detector (Oxford INCA EDS) and a Titan Themis 
300 probe corrected TEM with a Super-X EDS detector.
Surface Area and Pore Size Measurements. Surface area measurements of Pt@mSiO2, 
PtSn@mSiO2 and MCM-41 were performed by nitrogen sorption isotherms using a Micromeritics 
3Flex surface characterization analyzer at 77 K. Prior to surface area measurements, all samples 
were calcined at 500 °C in air and reduced at 300 °C under 50 mL/min 10% H2/He in a tube 
furnace.
Conventional MAS NMR Experiments. Prior to all NMR experiments, Pt@mSiO2, 
PtSn@mSiO2 NPs, and MCM-41 were oxidized in air at 500 οC and reduced in H2 at 300 οC for 
four hours respectively, which is a standard pretreatment of the catalysts. All the conventional 1D 
29Si MAS NMR experiment were performed on a Bruker 600 MHz Avance III spectrometer 
equipped with a 4mm H/F-X solid probe at room temperature with a MAS spinning rate of 8000 
Hz. A 90ο pulse with a duration of 4 μs and a recycle delay of 45 s were applied with 3200 scans 
for Pt@mSiO2 and 5520 scans for PtSn@mSiO2. A 30ο pulse with a duration of 2.5 μs and a 
recycle delay of 30s were applied with 2904 scans for MCM-41. The 29Si chemical shift was 
calibrated using 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt as a standard, with a 29Si 
chemical shift at 1.5 ppm.58  The decompositions of the 1D conventional NMR spectra were carried 
out in MestReNova 8.0 using the automated algorithm after cubic spline baseline correction. 
Without changing the chemical shift, the peak height, line width, and Lorentzian/ Gaussian ratio 
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were varied to optimize the fit for five times Errors of the peak fittings within 90% confidence 
interval was included into the reported values. 
MAS-DNP NMR Experiments. A 30 mg mass of Pt@mSiO2 NPs was impregnated with 30 μL 
of 10 mM AMUPol solution in a mixture of dimethyl sulfoxide-d6, H2O and D2O at a weight ratio 
of 8/1/1 in a 1.5 mL centrifuge tube. The damp solid was packed into a 3.2 mm sapphire rotor and 
sealed with a silicone plug. A 50 mg mass of PtSn@mSiO2 was impregnated with 50 μL of 10 mM 
AMUPol solution in a mixture of glycerol-d8, H2O and D2O at a weight ratio of 6/1/3. Another 50 
mg PtSn@mSiO2 sample was impregnated with 60 μL of 16 mM TEKPol in trichloroethylene 
(TCE). The two samples were separately packed into 3.2 mm thin-wall zirconia rotors. 
All 29Si MAS-DNP experiments were performed on a Bruker 600 MHz/ 395 GHz DNP Avance 
spectrometer equipped with a 3.2 mm LTMAS probe. For the experiments using AMUPol, 1D 29Si 
CP MAS experiment on Pt@mSiO2 was performed with the sample spinning at 6000 Hz, a 
temperature of 100 K and continuous irradiation by microwaves using a gyrotron output power of 
6.4 W. The 90ο 1H excitation pulse length was 5 μs. A ramped pulse was applied on the 1H channel 
with a contact time of 4.7 ms. SPINAL64 (83 kHz) was applied for proton decoupling. A recycle 
delay of 9.1 s was used. The 1D 29Si CP MAS experiments on PtSn@mSiO2 were performed at a 
spinning speed of 9000 Hz, a 90ο 1H excitation pulse length was 3.5 μs, a contact time of 3.6 ms 
and a recycle delay of 13 s. For the experiments with TEKPol, the 1D 29Si CP MAS spectrum of 
the impregnated PtSn@mSiO2 sample was performed using the same parameters as in the 
experiments with AMUPol except for a shorter recycle delay of 2.6 s. The 1D 29Si direct 
polarization MAS experiment on PtSn@mSiO2 was performed at a spinning rate of 9000 Hz, a 
temperature of 100 K and continuous microwave irradiation using a gyrotron output power of 6.4 
W. A 5 μs 90ο pulse tuned at the frequency of 29Si was applied with different recycle delays, as 
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specified in the results. DNP enhancement factors were calculated by taking the ratio of the peak 
integrals of the Q sites with microwave on and off. Multi-peak spectral fitting of the 1D Si-29 
MAS-DNP NMR spectrum was performed in MestReNova 8.0 by fixing the chemical shift to the 
value obtained in the conventional spectrum. The peak height, line width and Lorentzian/Gaussian 
ratio were varied to optimize the fit.  
Two-dimensional (2D) 29Si SR26411 double-quantum (DQ) correlation experiments were 
performed on PtSn@mSiO2 (impregnated with AMUPol) at 100 K at a MAS speed of 4000 Hz 
with continuous microwave irradiation at 6.4 W of gyrotron output power.55, 59 A 3 μs 90ο 1H 
excitation pulse was applied followed by a ramped CP pulse on the 1H channel with a contact time 
of 3.7 ms. For the SR26411 sequence, the duration of 90ο 29Si excitation and recoupling pulse was 
5 μs and 9.61 ms (nutation frequency is 6.5 times the rotor frequency), respectively. The explicit 
form of SR26411 for recoupling and reconversion, respectively, are 
[9076.2270256.290283.9270103.9]13[90283.9270103.99076.2270256.2]13
   [90103.9270283.990256.227076.2]13[90256.227076.290103.9270283.9]13
 and 
[90166.2270346.29013.9270193.9]13[9013.9270193.990166.2270346.2]13
[90193.927013.990346.2270166.2]13[90346.2270166.290193.927013.9]13
A total of 32 t1 increments of 225 μs with 1024 scans each were recorded using a recycle delay 
of 3.64 s. Two sets of spectra acquired under identical conditions were summed to improve the 
signal-to-noise (SNR) ratio. Pure absorption phase 2D spectra were obtained by the TPPI method 
in which all pulses prior to the t1 evolution are given phase shifts in increments of 45ο as t1 is 
incremented. A cosine Fourier transform was applied in the indirect dimension. cwLg13 and 
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SPINAL64 (83 kHz) were used for proton decoupling during 29Si dipolar recoupling and data 
acquisition, respectively.
SUPPORTING INFORMATION
Supporting Information Available: additional conventional and DNP NMR spectra; molecular 
structures and molecular mechanics energy minimized Van Der Waals surface models of 
AMUPol and TEKPol. 
This material is available free of charge via the Internet at http://pubs.acs.org
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